HDLive is a rendering methodology that generates realistic images of the human fetus from sonographic data. The objective of this study is to demonstrate the utility of high-definition live in evaluating fetal heart especially in the first trimester (11-14-week) scan. The normal atrioventricular valve and its abnormalities along with septal defects can be vividly demonstrated with this technique, and eight cases with cardiac defects are illustrated. Its use in the first-trimester evaluation of heart would give a better perspective of the cardiac malformation, which provides the opportunity for counseling options early in pregnancy.
C ongenital heart disease (CHD) is the most common fetal malformations and occur in approximately 8 to 9 per 1000 pregnancies. 1 Its incidence is six times higher than chromosomal anomalies and four times higher than neural tube defects. [2] [3] [4] More than half of these are considered as major cardiac defects, and account for increased infant mortality and morbidity. Cardiac defects are four to five times more frequently seen in stillbirths, which depicts the iceberg phenomenon of the mortality caused by CHD. 5, 6 In the past decade, cardiac screening was done routinely in the midtrimester anomaly scan, but now there is an increasing trend toward early detection of cardiac anomalies in the first trimester. The prevalence of prenatally diagnosed congenital heart disease has risen recently as a result of improved obstetric screening, operator expertise, and availability of advanced equipment.
The first trimester markers of aneuploidy screening also serve as markers for congenital cardiac malformation. Although twodimensional (2D) transabdominal and transvaginal imaging allows detection of cases with CHD in the first trimester, difficulties still remain in diagnosis because of the small size of the fetal heart. [7] [8] [9] The understanding of spatial relationship becomes even more difficult as the fetal heart is in a state of continual and complex change; hence, there is an increasing need to depict the fetal heart with fourdimensional (4D) imaging. 10 There is a 30 to 50% association of CHD in cases of increased nuchal translucency with a normal karyotype. This emphasizes the importance of early fetal echocardiography, which allows for genetic assessment at the 11-to 14-week period itself and counseling options early in the pregnancy. [11] [12] [13] HDLive ultrasound is the latest ultrasound technique that improves the three-dimensional (3D)/4D images using an adjustable light source and software that calculates the propagation of light through surface structures in relation to the light direction.
This combination of light and shadows created by the virtual light source provides unique depth perception, producing remarkable images that are more realistic and natural than those obtained with classic 3D ultrasound. 15, 16 So far it has been used to visualize fetal face, limbs, and various surface anomalies, but recent studies have used it in the study of fetal heart. 17 The HDLive technique provides a vivid illustration of atrioventricular (AV) valve anatomy and ventricular septal defects. Hata et al assessed four normal and three abnormal fetal hearts at 25 to 35 weeks' gestation using HDLive imaging. 18 We have tried to explore newer possibilities of HDLive imaging in evaluating the fetal heart at the 11-to 14-week scan.
Materials and Methods
Routine assessment of four-chamber view and threevessel tracheal view with color was done as a protocol in our center for all fetuses during the 11-to 14-week aneuploidy scan. Spatio-temporal image correlation (STIC) volumes were stored for the cases suspicious of cardiac anomaly by a single operator using a GE Voluson E8 (General Electric Medical System, Zipf, Austria) ultrasound machine. Volume data sets were obtained with transvaginal probe with a standard acquisition time of 7.5 seconds and 20-degree angle. The STIC volumes were also stored for the cases detected with cardiac malformations during the routine anomaly scan. The volume data sets were acquired with a standard acquisition time of 12.5 seconds and 25-degree angle, and data sets were stored for further offline analysis. 19 The HDLive technology was later applied to the stored volume data sets, and the AV valves and interventricular septal (IVS) anatomy were looked into. 17 Informed consent was obtained from all of the cases included in the study, and the study was approved by the local ethics committee.
The complete fetal cardiac cycle can be displayed in motion in an endless 3D cine loop sequence, and the loop can be played in slow motion (see Video Clip A) or can be stopped at a certain stage during the cardiac cycle for detailed analysis. 19 The standard echocardiographic planes can be displayed both in a frozen state and with the heart in motion, and because there is 3D information behind each frame, the scan plane can be moved and rotated (see Video Clip A1). By using the adjustable virtual light source in HDLive technology, lighting and shadowing effects were created, thereby increasing the depth perception in the stored volume data sets.
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Results Table 1 provides a detailed description of the eight abnormal cases studied with the use of HDLive technique. Patients who were suspected to have cardiac anomalies in their fetus were informed about the defect, referred to tertiary care center, and counseled appropriately regarding the therapeutic options. Routine fetal echocardiography was also done at the time of the anomaly scan for those cases detected in first trimester, and the cardiac malformations were confirmed either by postnatal echocardiography or by autopsy in those cases that opted for termination. of IVS and AV valves are difficult to interpret at the 11-to 14-week scan, whereas with HDLive imaging ( Figure  1, E and F) it can be done with predictable accuracy. Figure 2 shows the common outflow tract in truncus arteriosus detected at 14 weeks' gestation. Although the four-chamber view and inflows appear to be normal (Figure 2, A and B) , the single outflow tract arising from both ventricles is illustrated in Figure 2C (to compare with the normal appearance of the left ventricular outflow tract in Figure 2D ). Figure 3 shows the double outlet right ventricle (DORV) diagnosed at 12
13 weeks' gestation. The 2D image of the fetal heart ( Figure 3A) is abnormal, and the small left ventricle is seen in the rendered image of the heart ( Figure 3B ). HDLive imaging depicts a dominant right ventricle and small left ventricle ( Figure 3C ), large inlet ventricular septal defect (VSD), and abnormal tricuspid valve leaflet ( Figure 3D ) (see Video Clip A2).
Evaluation of fetal heart revealed an enlarged right atrium ( Figure 4A ) in a case of atrioventricular septal defect (AVSD) detected at 13 weeks' gestation. The enhanced visualization of AV valves is illustrated in Figure 4 , C and D, using HDLive technique in comparison with Figure 4B (standard technique). Routine imaging of fetal heart appears inconclusive in a case of AVSD suspected at 13 weeks' gestation ( Figure 5, A and B) . Figure 5C clearly illustrates the abnormal crux, atrioventricular septal defect (see Video Clip A3), and the abnormal AV valve leaflet ( Figure 5D ). The combination of ostium primum atrial septal defect and VSD with the abnormal common AV valve is highlighted. Reevaluation at 16 weeks' gestation confirms the suspicion in routine 2D imaging ( Figure 5, E and F) .
Atrioventricular septal defect can be detected using 2D imaging at the 11-to 14-week scan, where the defect is seen in the center of the heart in the apical fourchamber view. Common valve regurgitation during systole and a single channel of blood entering the ventricles in diastole demonstrated using color Doppler is the hallmark clue for the diagnosis. However, diagnostic efficacy is improved using HDLive imaging, which allows enhanced visualization of the septal defect and the anatomy of the atrioventricular valve. 20 Figure 6 shows the subaortic VSD in DORV diagnosed at 13 weeks' gestation. The four-chamber view ( Figure 6 , A and C) appears normal except for a dilated coronary sinus. Although a suspicion of VSD is evident in Figure 6B with 2D imaging, HDLive imaging improves its visualization, as evident in Figure 6D . The four-chamber view in Figure 7A shows the common AV valve in AVSD at 19 weeks' gestation, associated with abnormal crux (Figure 7B ). Atrioventricular septal defect with the HDLive technique (Figure 7 , D-F, and Video Clip A4) and with routine standard STIC technique ( Figure 7C ) is compared.
Perimembranous VSD in transposition of great arteries (d-TGA) is illustrated in Figure 8 . The fourchamber view appeared to be normal in Figure 8 , A and B, whereas VSD is delineated using the HDLive technique ( Figure 8 , C and D). Figure 9 , A and B, shows a comparison of 2D and HDLive imaging in a case with tricuspid atresia. The atretic tricuspid valve is 
Discussion
Ultrasound is an essential tool in obstetric care, and most CHDs can be diagnosed by prenatal echocardiography. The detection rate of CHD should ideally be 85 to 90% at tertiary perinatal centers. However, as the standards are not uniform throughout the country, there is a significant variation in detection rates across different countries and the performance of general cardiac screening in low-risk populations is quite low. 19 Considering the complexity of cardiac anatomy and the steep learning curve required in accurately interpreting a 3D structure based on 2D images, the prenatal detection of CHD still remains a challenge. 21 Visualizing cardiac valves and evaluating the fetal heart offline in slow motion with STIC technique facilitates the imaging of cardiac malformations, which is further enhanced with the STIC HDLive technique. 7, 17, 19, 22 The heart is the first functional organ in the human embryo, which beats spontaneously by week 4 of development. 23 By the end of 3 weeks, two lateral endocardial tubes unite to form a single tube, and looping of the primitive heart occurs subsequently on approximately day 23 of development. 24, 25 The atrioventricular valves initially develop as bulges from the endocardial cushion tissue and complete their development during the fifth to eighth week. 26 At the end of 8 to 9 weeks, separate aortic and pulmonary outflows with distinct atrial and ventricular septation were observed 27 ; hence, the development of the heart is structurally complete by 10 weeks' gestation. With the advent of high-end ultrasound machines, screening for CHD is possible in the 11-to 14-week scan. Routine assessment of the four-chamber view and three-vessel tracheal view with color in the 11-to 14-week scan increases the potential to detect cardiac abnormalities. The diagnostic performance of fetal echocardiography to detect a cardiac anomaly in the first trimester is multifactorial, depending on the training and expertise of the examiners, the cardiac planes that are incorporated into the assessment, and the gestational age at which the examination is done. 29, 30 Concerns over image resolution and its effect on identifying anatomic details constitute an important limitation of firsttrimester echocardiography; hence, the second-trimester echo is the overall preferred screening approach. 29 Cardiac malformations are often associated with chromosomal abnormalities. Atrioventricular septal defect is known to have a high association with Down's syndrome, and its detection in the first trimester prompts early genetic assessment at 11 to 14 weeks. With the use of HDLive, both structural anatomy and functional development of the heart at 12 weeks' gestation can be assessed more objectively and reliably, which will pave the way for a new era in prenatal diagnosis. This technology is an important contributing factor in the study of fetal heart, shifting prenatal cardiac assessment from the second trimester to the first trimester. The limitations of first-trimester echo, especially in identifying anatomic landmarks, can be overcome with the help of HDLive imaging. This new and innovative technology of can not only assess fetal structure with greater precision than the routine 2D or 3D ultrasound, but also allows sending of stored volumes to specialized centers for expert opinion. 31 In the near future, this might open newer perspectives in the management of CHD for pediatric surgeons to assess the degree of the defect and to improve operative orientation in correctable defects. 32, 33 In conclusion, first-trimester detection of cardiac anomalies requires expertise, and the learning curve of acquisition and interpretation of STIC volumes requires further evaluation. HDLive imaging plays a significant role in improving our diagnostic confidence in the firsttrimester detection of cardiac anomalies. Although the full potential of the HDLive technique needs further exploration in large-scale studies, its use would definitively improve our perspective in understanding the cardiac malformation. This would also virtually erase the difficulty of mentally visualizing a 3D moving structure based on 2D images. We believe that operators in the near future would use this technology in evaluating the fetal heart, especially in the 11-to 14-week scan.
